is atherogenic and proinflammatory. The molecular and structural basis for the sensitivity of the endothelium to flow direction, however, has yet to be determined. It has been hypothesized that the ability to sense flow direction is dependent on the direction of inclination of the interendothelial junction. Immunostaining of the mouse aorta revealed an inclination of the cell-cell junction by 13°in direction of flow in the descending aorta where flow is unidirectional. In contrast, polygonal cells of the inner curvature where flow is disturbed did not have any preferential inclination. Using a membrane specific dye, the angle of inclination of the junction was dynamically monitored using live cell confocal microscopy in confluent human endothelial cell monolayers. Upon application of shear the junctions began inclining within minutes to a final angle of 10°in direction of flow. Retrograde flow led to a reversal of junctional inclination. Flow-induced junctional inclination was shown to be independent of the cytoskeleton or glycocalyx. Additionally, within seconds, retrograde flow led to significantly higher intracellular calcium responses than orthograde flow. Together, these results show for the first time that the endothelial intercellular junction inclination is dynamically responsive to flow direction and confers the ability to endothelial cells to rapidly sense and adapt to flow direction. shear stress; endothelium; mechanotransduction THE ENDOTHELIUM LINING ARTERIES plays a primary role in vascular health and disease. It is often seen as a continuum of neighboring endothelial cells (ECs) whose geometric shape and cellular responses quickly adapt to changes in external forces such as blood flow. Detailed analyses of fluid mechanics in atherosclerosis-prone regions of the vasculature reveal a strong correlation between EC morphology, proinflammatory activation, and areas of disturbed hemodynamic profiles (6, 24, 26, 34) .
The physical properties of the endothelial plasma membrane itself change under flow (3, 4, 16 -19, 38) . Indeed, it was previously demonstrated that upon application of shear stress, endothelial membrane fluidity instantaneously increases. Changes in membrane fluidity have been shown to affect membrane enzyme activity through increases in membrane free volume (38) . Similarly, increases in membrane fluidity using membrane fluidizing agents are able to simulate the shear-induced activation of G proteins (15) , ERK1/2 (4), and the bradykinin receptor 2 in ECs (5).
Significant EC morphological adaptations to shear stress include elongation and orientation in the direction of flow ["alignment" (10, 11) ], driven by cytoskeletal restructuring (20, 30) , redistribution of focal adhesions and microtubule organization [planar cell polarity (27, 36) ], and partial disassembly of the adherens junctions (30) . The cell alignment process occurs over a 24-h time frame and is adaptive such that there is a reduction of spatial fluctuations in shear stress to which cells are exposed (2) . However, the mechanisms by which ECs initially sense flow direction remain unclear.
Fung and Liu demonstrated that ECs undergo another structural adaptation distinct from flow-induced alignment: they provided both a theoretical framework and supporting experimental evidence that fluid shear stress imposes tension on the EC membrane (13, 25) . Their model showed that tension develops and propagates along an endothelial monolayer. The model predicts that there is increasing tension from the downstream side of a cell to the upstream junction, such that the membrane tension at the cell-cell junction is the highest. In fluctuating flows such as oscillatory flow and turbulent flow, the tension similarly oscillates, producing high rates of change of tension. In addition, it is shown that membrane tension can be propagated to an adjoining upstream cell by transmission of tension at the cell-cell junction. The degree of tension propagation is a function of the angle of inclination of the cell-cell junction relative to the underlying substrate on which the cells are attached.
Liu et al. (25) measured the angles of incidence of the membranes at the top of the cell-cell junction under flow using interference microscopy and observed that ECs adapt to steady flow within minutes by increasing the slope of the trailing-edge membrane ( 1 ) and decreasing the slope of the leading-edge membrane ( 2 ) at the top of the junction (Fig. 1) . When flow was reversed, these angles reversed within minutes. However, the study was limited to surface geometry and did not measure the more important angle of inclination ( 3 , hence the complementary angle 4 ) and therefore their study could not conclude if the flow adaptation reduced or increased the propagation of tension from cell to cell.
Here, it is hypothesized that shear stress rapidly induces EC-cell junction inclination in direction of flow and that junctional inclination has a profound role in modulating the mechanical stimulus in mechanotransduction, conferring the ability of the endothelial monolayer to sense flow reversal on a time scale of seconds. It is demonstrated for the first time the existence of a flow-oriented inclination in aortic ECs whose increased inclination is directly related to regions of increased unidirectional laminar flow in vivo. Moreover, ECs with junctions inclined in direction of flow had lower intracellular calcium responses than ECs with junctions inclined in the opposite direction, thereby showing that cellular responses are directly correlated to mechanoadaptation. Lastly, it is suggested that the remodeling of the EC-cell junctional geometry with flow-oriented inclination may represent the mechanism by which ECs adapt to flow with reduced mechanosensitivity.
MATERIALS AND METHODS
Animals. All animal procedures were approved by the Institutional Animal Care and Use Committee of La Jolla Bioengineering Institute (assurance no. A3432), which is authorized by the Office of Laboratory Animal Welfare of the National Institutes of Health, as required by the Health Resource Extension Act of 1985. Six C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were used for determination of the EC-cell junction inclination angle determination in the inner curvature and descending aorta. Mice were anesthetized with a cocktail of 90 mg/kg ketamine and 10 mg/kg xylazine administered intraperitoneally and were then perfused intracardially with 15 ml of 4% paraformaldehyde and 15% picric acid solution in 0.1 M phosphate buffer, pH 7.6. Aorta were then dissected under a stereoscopic binocular microscope from the aortic sinus to the renal artery bifurcation, cleaned of any fat residues, and cut longitudinally for further staining and en face microscopy.
Cell cultures and treatments. Primary human umbilical vein EC (HUVEC) isolation was performed as previously described (12) . Human umbilical cords were obtained from Sharp Memorial Hospital (San Diego, CA) under the auspices of Sharp Healthcare Institutional Review Board protocol no. 011081. Cells were seeded into 75-cm 2 tissue culture-treated flasks and grown to confluence within a week in M199 media (Irvine Scientific, Santa Ana, CA). After detachment with trypsin, passage 1 cells were either seeded for at least 3 days on glass slides for flow experiments or on fibronectin-coated glass coverslips for live cell imaging. All cultures were studied as confluent monolayers of polygonal cells. Before all experimental procedures, the HUVECs were serum starved overnight in ATP-free media supplemented with 1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) to establish quiescence in the monolayer. In one study, HUVEC monolayers were pretreated with 50 g/ml heparinase III (Hep, Sigma-Aldrich), 0.1 M cytochalasin D (CD; Sigma-Aldrich), 50 M blebbistatin (Bleb; Sigma-Aldrich), or 5 M Taxol (Calbiochem, San Diego, CA) for 3 h, 2 min, 30 min, and 2 h, respectively. Removal of heparan sulfate by Hep was controlled by Western blot using an anti-heparan sulfate antibody (Seikagaku, Japan) using methods previously described (31) . Cytoskeleton integrity was verified by immunocytochemistry as described below using antibodies against myosin IIA (Cell Signaling Technology, Danvers, MA), acetylatedtubulin (Sigma-Aldrich), and the F-actin probe phalloidin (Invitrogen, Carlsbad, CA).
For EC-cell junction inclination angle examination in live cells, HUVEC confluent monolayers were dyed with 10 g/ml of the membrane stain Orange CellMask (Invitrogen) for 2 min on ice, followed by two quick rinses, and immediately processed for live cell flow imaging. Control experiments showed the CellMask stain remains in the membrane for at least 45 min before showing significant signs of endocytosis. For calcium studies, cells were incubated with 15 ng/ml Fluo-4 AM for 1 h supplemented with 2.5 mM probenicid, 20 mM HEPES, 0.042% pluronic F-127, and 0.1% BSA to facilitate the calcium indicator loading (all from Invitrogen unless specified). Cells were then rinsed and incubated at 33°C for 30 min for equilibration in ATP-free media before mounting slides onto the flow chamber.
Shear stress exposure. HUVEC monolayers seeded on glass slides were used in a conventional parallel plate flow chamber where cells were subjected to a steady 16 dyn/cm 2 fluid shear stress provided by a flow loop system maintained at 37°C and ventilated with 95% humidified air with 5% CO 2 (12) . Immediately after flow, monolayers (1) and decrease in the slope of the leading-edge membrane (2) at the top of the junction after initiation of flow (gray vs. versus black: flow-unadapted condition). However, their study was limited to surface topology. Here, it was hypothesized that ECs also adapt to steady flow by inclination of their cell-cell junction (3, or the complementary angle 4) to reduce the propagation of tension from cell to cell. For live cell imaging and calcium studies, experiments were performed by using a parallel plate flow microchamber that allows exposure of HUVECs to variable values of shear stress in a flow channel (2 mm wide) that is optically accessible through a coverslipbased window. The temperature of the microchamber was maintained at 37°C, and a syringe pump delivered orthograde or retrograde flow rate via a computer-controlled PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA) holding a 100-ml CO 2 gas tight prewarmed syringe (SGE Analytical Science, Australia). The design of the microchamber ensured that there was no deformation of the glass coverslip (axial displacement was Ͻ0.05 m) caused by flow-induced hydrostatic pressure (5) . For calcium studies, the preconditioning orthograde flow consisted of a 5-min slowly ramped up flow to 5 dyn/cm 2 , followed by a 20-min steady flow period at 5 dyn/cm 2 , then a 5-min ramped down flow before cells were exposed to a 1-min step flow of similar magnitude. Sham controls were not exposed to the last minute step but let sit at 37°C instead. Static control slides were only removed from the incubator immediately before fixation and staining.
En face immunohisto-and cytochemistry and image processing. Longitudinally opened aortas were washed in phosphate-buffered saline, permeabilized in 0.3% Triton X-100 for 20 min, blocked for at least 1 h with 5% normal goat serum and 1% BSA, and incubated overnight with a rat anti-mouse platelet endothelial cell adhesion molecule 1 (PECAM-1) antibody (Biolegend, San Diego, CA). For HUVEC monolayers, after fixation, the cells were blocked and permeabilized as described above and incubated with a rabbit anti-human PECAM-1 antibody generated in our institute. Primary antibody incubations were followed by a final incubation step for 1 h with an anti-rat or -rabbit Alexa Fluor 488 antibody (Invitrogen). During mounting procedure in Vectashield (Vector, Burlingame, CA), tissues and cell monolayers were arranged on slides circled with a thin silicon gasket to avoid pressure from the coverslip and geometrical distortion. In some cases, Alexa Fluor 488 phalloidin (Invitrogen) staining was used at 66 nM for 15 min before mounting to visualize actin filament alterations.
Slides were examined under a confocal fluorescent microscope (Zeiss Pascal LSM5, Zeiss, Germany) equipped with a Plan-Apochromatic 63/1.4 objective and a Plan-NEOFLUAR 100/1.3 objective, and Z-stacks were examined using the Zeiss LSM Image Browser. XZ or YZ sections (parallel or perpendicular to the flow direction) were then analyzed and cropped using the three-dimensional Volume Viewer 1.31 plugin (Kai Uwe Barthel, Internationale Medieninformatik, Germany) for ImageJ software (National Institutes of Health, Bethesda, MD), and junctional inclination angles were measured using the ImageJ angle tool. While basal membrane was considered flat in culture cells, the inclination angle was measured between the EC-cell junction and an imaginary basal membrane drawn from the bottom of two EC-cell junctions in in vivo studies.
For calcium studies, picture sequences were acquired every 5 s and the average intensity in each selected cells was calculated using Volocity 5 software (Improvision/Perkin Elmer, Waltham, MA). To control for cell-to-cell variation in dye loading, all fluorescence measurements were expressed as a ratio (F/F 0) of dynamic fluorescence intensity (F) to the basal fluorescence intensity measured before each experiment (F0) (21) . Internal controls showed there was no photobleaching of the Fluo-4 AM during the time course of our experiments.
Statistical analysis. Data are expressed as means Ϯ SE, unless otherwise stated, from at least three independent experiments. Statistical comparisons between groups were performed using Student's t-test. A difference of P Ͻ 0.05 was judged as significant. Fig. 2A ). In contrast, ECs of the inner curvature, a location of oscillatory and reversing hemodynamic forces, displayed a polygonal shape whose average diameter was 22.0 Ϯ 0.5 m (n ϭ 93, Fig. 2B ) at the widest. XZ cross sections of the descending aorta were used to detect the existence of an inclination angle (referred as 4 in Fig. 1 ) specifically at the extremities of the fusiform ECs with an average inclination value of 13.1 Ϯ 0.8°in the direction of flow (n ϭ 94, cross sections I, Fig. 2, C and D) . YZ cross sections (perpendicular to the flow direction) cutting through side membranes (also referred to as sidewalls) did not show any significant inclination, and the vast majority of the EC-cell junction remained upright with an average of 0.3 Ϯ 0.8°(n ϭ 142, cross sections II, Fig. 2, C and D) . In contrast, Z sections of ECs from the inner curvature had no preferred but heterogeneous orientations and angle values of inclination the EC-cell junction averaging 1.6 Ϯ 1.4°of inclination in all directions (n ϭ 105, cross sections III, Fig. 2, C and D) . To illustrate this heterogeneity, a distribution of the frequency of the inclination angles is shown on the radial plots in Fig. 2E .
RESULTS

EC-cell junction inclinations in the mouse
Flow-induced EC-cell junction inclination in vitro. PECAM-1 immunostaining was used on confluent HUVECs to clearly delineate the interendothelial cell-cell junction outlining the cells. Static condition cells were of polygonal shape with an average diameter of 23.6 Ϯ 0.6 m (n ϭ 82) at the widest. Compared with XY scans, confocal microscopy has a lower resolution on the Z scale due to limited optical slice overlaps. Hence an estimation of the height of the EC-cell junction between 3 and 4 m was approximated. Three-dimensional reconstruction of the PECAM-1 EC-cell junction staining showed that static condition cells display a twisted ribbonstructure surrounding the cell (see Supplemental Material, Supplemental Video S1; Supplemental Material for this article is available online at the Journal website). EC-cell junctions of unsheared cells were not inclined in any preferred direction and the average angle value was 2.2 Ϯ 1.1°(n ϭ 32). Conversely, analysis of XZ sections from cells aligned with the direction of flow indicated an inclination of the EC-cell junction by 9.9 Ϯ 1.3°(n ϭ 32) after being subjected to 16 dyn/cm 2 shear stress for 30 min (Fig. 3) . The equilibrium angle of inclination was reached within 30 min of flow and did not vary as a function of imposed shear stress (Fig. 3 , B and C: 8 dyn/cm 2 : 10.1 Ϯ 0.9°, n ϭ 73; 32 dyn/cm 2 : 9.5 Ϯ 1.1°, n ϭ 38). The inclination occurred in the absence of any discernible alignment of the cells in the direction of flow (Fig. 3A) .
EC-cell junction inclination was not changed following Hep treatment or cytoskeletal disruption.
Both the glycocalyx and elements of the cytoskeleton are often described as primary mechanosensors (9, 22, 35) . To investigate whether flowinduced junctional inclination requires a functional glycocalyx, HUVECs were pretreated with 50 g/ml Hep for 3 h to remove glycocalyx-associated heparan sulfate. Hep-pretreated cells subjected to a steady 16 dyn/cm 2 flow for 30 min displayed similar EC-cell junctional inclination to untreated control [ Fig. 4 ; angles in degrees in direction of flow: control, 9.9 Ϯ 1.3°, n ϭ 32; Hep, 9.0 Ϯ 0.7°, n ϭ 61; CD, 11.1 Ϯ 1.1°, n ϭ 98]. Similarly, EC-cell junction inclination was investigated following cytoskeletal disruption. HUVECs were pretreated with 0.1 M CD, 50 M Bleb, or 5 M Taxol for 2 min, 30 min, and 2 h, respectively. Disruption of actin, tubulin, and myosin filaments was confirmed by immunostaining (Fig. 5, A-F) . None of the cytoskeleton disruptive agents significantly changed the EC-cell junction inclination after 30 min of a steady 16 dyn/cm 2 flow as compared with their pretreated counterparts in static condition ( Fig. 5G ; nontreated static, 1.5 Ϯ 1.6°, n ϭ 42; nontreated flow, 13.3 Ϯ 2.3°, n ϭ 15; CD static, Ϫ1.1 Ϯ 2.9°, n ϭ 74; CD flow, 11.1 Ϯ 2.3°, n ϭ 98; Bleb static, 1.2 Ϯ 3.1°, n ϭ 43; Bleb flow, 12.6 Ϯ 1.9°, n ϭ 49; Taxol static, Ϫ0.6 Ϯ 3.2°, n ϭ 42; Taxol flow, 12.8 Ϯ 2°, n ϭ 76).
Retrograde flow induced a rapid reversal of the EC wall inclination. A cell membrane stain was used to observe adaptive changes of EC-cell inclination in live confluent HUVECs 
DISCUSSION
Using a fluorescent marker for the plasma membrane together with laser-scanning confocal microscopy, we have developed the ability to monitor adaptive changes in the angle of inclination at the EC-cell junction in response to flow. This approach allowed for the first time the observation in confluent endothelial cells of an inclination of the EC-cell junction within seconds reaching a maximal angle of inclination of 10°i n the direction of flow within minutes. These measurements correlated with in vivo observation. A 13°EC-cell junction inclination was found in aortic regions subjected to unidirectional flow but not in regions with disturbed and reversing hemodynamic profiles.
The minor difference in inclination angle values between both in vivo and in vitro measurements maybe accounted for the fact that the bottom reference for the basal surface is flat on glass slides while sometimes corrugated in fixed vessels, making measurements more challenging. Alternatively, ECs in vivo have an apical surface topography which is smoother than naïve EC cultures, illustrating their chronic flow-adapted morphology (2, 28) .
The kinetics of the flow-induced inclination of the junctional membrane appeared to be similar to that of the incident slopes as previously observed (25) , suggesting that these phenomena occur simultaneously. Strong support for the concept that part of the forces induced by flow are propagated as tension in the membrane was provided by Butler and colleagues (4), who measured membrane diffusivity using fluorescence recovery after photobleaching along the length of ECs subjected to step increases in flow. Instantaneous increases in membrane diffusivity on the upstream end of cells relative to the downstream end were noted. Because membrane diffusivity is strongly correlated with membrane fluidity (3, 16) , this study showed that shear can induce upstream junctional membrane fluidization and mechanotransduction. Likewise, subcellular differences of shear stress have been detected within minutes after the exposure to flow by observing displacement of intermediate filaments (20) . Similarly, microtubule remodeling occurs preferentially in the upstream side of the cell (14) .
Decreasing Z-stack scanning resolution and thereby decreasing the time necessary for image collection enabled the detection of adaptive changes in membrane inclination as early as 20 s after onset of flow. Similarly, upon sudden retrograde flow, a reversal of the angular inclination of 4°per minute was observed. Consequently, a cell with a 3-to 4-m high cell-cell junction would displace its luminal membrane by a range of 100 to 200 nm/min. This time scale and length are in the same range as the early vesicle movements in response to flow observed by Dangaria and Butler (8) using particle-tracking microrheology on subconfluent bovine aortic ECs. Using similar cells, Mott and Helmke (29) observed increased actin polymerization into lamellipodia at onset of shear stress. Similarly, using confocal microscopy in labeled cells, Ueki and colleagues (37) observed increased displacement of the cytoplasm in the apical region of the cell upon onset of shear. However, recent investigations have suggested that the initial signal transduction in mechanochemical sensation preferentially occurs at locations deeper within the cells such as the cytoskeleton and focal adhesion sites (9, 22, 33) . Plasma membrane and cytoskeleton networks are intrinsically bound together and thus alteration of the stiffness of the cytoplasm is expected to modulate EC-cell junction inclination properties. Nevertheless, disruption of the cytoskeleton did not alter ECcell junction inclination in our study, demonstrating that junctional inclination may occur independently of cytoskeletal remodeling.
Similarly, our data showed that EC-junctional inclination does not require an intact glycocalyx. The glycocalyx has previously been demonstrated to be a major mechanosensing element in ECs (35) . Although the in vitro presence of a fully developed glycocalyx has been controversial, removal of heparan sulfate was clearly demonstrated in our fresh primary endothelial cells. Our results indicated that the heparan sulfate component of the glycocalyx is not involved in the mechanism by which the EC-cell junctions incline. Fung and Liu (13) also noted that the membrane tension model is qualitatively valid even if the internal contents are more solid-like, such as with a significant cytoskeletal network. Interestingly, the presence of a glycocalyx does not alter the model, because the membrane with the attached glycocalyx will still transmit tension. By experimentally observing that the outward curvature of the endothelial apical membranes and applying Laplace's law, Liu and colleagues (25) verified that tension does in fact develop in the membrane when ECs are subjected to fluid shear stress. Taken together, these studies and ours support the concept that the plasma membrane tension is involved in mechanotransduction.
Cells subjected to retrograde flow were dramatically more mechanosensitive than cells subjected to orthograde flow. While Fung and Liu's (13) theoretical model appears oversimplified by assuming that the intracellular contents are fluid-like and therefore the entire stress is imposed on the cell membrane (including any associated glycocalyx), it is likely that retrograde flow dramatically increases tension forces from cell to cell in a continuum layer of ECs (Fig. 7B) . However, if the cell contents are more solid-like because of the presence of the cytoskeletal network, then the stress applied to the membrane can be expressed as a fraction ⑀ of the applied fluid shear stress. This is supported by the observation that flow-induced nitric oxide stimulation in HUVECs is enhanced in the presence of cytoskeletal disrupting agents (23) . Nonetheless, the expressions developed by Fung and Liu (13) remain qualitatively correct.
An important consequence of the membrane tension model and our finding of EC-cell junction inclination is the demonstration of the existence of large tension amplification at the junction when flow is reversed on ECs that were previously adapted to orthograde flow. It is shown here a dramatic increase in Ca 2ϩ i but increased tension also likely leads to other amplified atherogenic signals such as increased cellular responses, cell-cell junction permeability, and leukocyte adhesiveness. Indeed, Adamson and colleagues (1) recently observed increased permeability in rat microvessels subjected to retrograde shear stress. This hypothesis is also strongly supported by the increased atherogenic gene expression such as endothelin-1 and platelet-derived growth factor B expression levels when flow is reversed on flow adapted ECs (32) . Hence, because of its short time scale, compared with cell realignment and cytoskeleton reorganization, EC-cell junction inclination should be considered as a potential preconditioning treatment to vessels intended to be used in retrograde flow such as the saphenous vein used in bypass surgery. More importantly, this hypothesis provides a molecular mechanism for the enhanced atherogenic signaling which correlates with reverse and oscillatory flow [where there is a significant reverse flow component (7)].
Here, it is demonstrated for the first time that fluid flow is directly responsible for three-dimensional geometrical changes in the plasma membrane topography. Indeed, it is shown both in vitro and in the mouse descending aorta that ECs adapt to steady shear by inclining the cell-cell junction in direction of flow. A reversal of flow is immediately accompanied by a repositioning of the EC-cell junction and a burst of Ca 2ϩ i response. Hence, it is proposed that the EC-cell junction inclines in response to unidirectional flow in a manner that reduces the propagation of tension, thereby reducing junctional tension and tension rates, leading to reduced mechanotransduction from the junction. The correlation between increased junctional inclinations and reduced cellular responses is an indicator of the effective mechanoadaptation of aligned cells in atheroprotective regions.
